A Combined Ex Vivo and In Vivo RNAi Screen for Notch Regulators in Drosophila Reveals an Extensive Notch Interaction Network  by Saj, Abil et al.
Developmental Cell
ResourceA Combined Ex Vivo and In Vivo RNAi Screen
for Notch Regulators in Drosophila Reveals
an Extensive Notch Interaction Network
Abil Saj,1 Zeynep Arziman,2,5 Denise Stempfle,1,5 Werner van Belle,1 Ursula Sauder,3 Thomas Horn,2
Markus Du¨rrenberger,3 Renato Paro,1,4 Michael Boutros,2 and Gunter Merdes1,*
1Department of Biosystems Science and Engineering, ETHZ, 4058 Basel, Switzerland
2Division of Signaling and Functional Genomics, German Cancer Research Center (DKFZ), and Department of Cell and Molecular Biology,
University of Heidelberg, Faculty of Medicine Mannheim, 69120 Heidelberg, Germany
3Microscopy Center, Pharmazentrum, University of Basel, 4056 Basel, Switzerland
4Faculty of Sciences, University of Basel, 4056 Basel, Switzerland
5These authors contributed equally to this work
*Correspondence: gunter.merdes@bsse.ethz.ch
DOI 10.1016/j.devcel.2010.03.013SUMMARY
Notch signaling plays a fundamental role in cellular
differentiation and has been linked to human
diseases, including cancer. We report the use of
comprehensive RNAi analyses to dissect Notch
regulation and its connections to cellular pathways.
A cell-based RNAi screen identified 900 candidate
Notch regulators on a genome-wide scale. The
subsequent use of a library of transgenic Drosophila
expressing RNAi constructs enabled large-scale
in vivo validation and confirmed 333 of 501 tested
genes as Notch regulators. Mapping the phenotypic
attributes of our data on an interaction network iden-
tified another 68 relevant genes and revealed several
modules of unexpected Notch regulatory activity. In
particular, we note an intriguing relationship to pyru-
vate metabolism, which may be relevant to cancer.
Our study reveals a hitherto unappreciated diversity
of tissue-specific modulators impinging on Notch
and opens new avenues for studying Notch regula-
tion and function in development and disease.
INTRODUCTION
The Notch pathway is an important and evolutionarily conserved
signaling pathway involved in the development of multicellular
organisms (Fortini, 2009; Kopan and Ilagan, 2009; Tien et al.,
2009). Activation of the Notch transmembrane receptor by the
ligands Delta (Dl) or Serrate (Ser) leads to its proteolysis and the
release of the intracellular domain, which engages in transcrip-
tional regulation by interacting with Suppressor of Hairless
(Su(H)) and Hairless. In the meantime, several pathway compo-
nents have been identified, indicating a complex circuitry regu-
latingmaturation, activation, anddegradation ofNotch (Figure 1A).
Intriguingly, impairment of degradation by mutations in compo-
nents of the endosomal-sorting complex required for transport
(ESCRT) results in ectopicNotchactivity and tumor formation (For-
tini and Bilder, 2009). In humans, Notch plays a similarly important862 Developmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inrole in the control of cellular differentiation and stem cell formation
as in Drosophila, and has been linked with a variety of human
diseases, including cancer (Lathia et al., 2008; Wang et al., 2009).
To understand the contributions of Notch signaling to normal
development and disease, a systematic identification of the
components of the pathway, the underlying control circuitries,
and of the connections to other pathways is indispensable.
A major challenge for comprehensive systems biology studies
in human cells is the complexity and genetic redundancy in
many of its pathways that make a systematic loss-of-function
analysis difficult. The availability of in vivo RNAi libraries for
Drosophila has opened new avenues to dissect complex biolog-
ical processes on a genome-wide scale. The hairpin interfering
RNA (IR) constructs in these libraries are expressed under
UAS/GAL4 control (Vienna Drosphila RNAi Center, http://
stockcenter.vdrc.at/control/main; National Institute of Genetics,
http://www.shigen.nig.ac.jp) (Dietzl et al., 2007). This binary
expression system allows for tissue-specific knockdown of
genes, and a broad range of allelic series can be generated using
the temperature sensitivity of theGAL4 system (Elliott andBrand,
2008) and the sensitivity of the RNAi effect to the amount of Dicer
(Dietzl et al., 2007). However, because the in vivo phenotypes
have to be manually scored, the throughput of in vivo RNAi
screens is limited andoften restricted to one screening condition.
We herein describe a combined ex vivo and in vivo RNAi
screening approach to identify regulators of Notch. We used a
cell-based genome-wide RNAi screen to select a list of 900
potential modulators of Notch activity. These preselected candi-
dates were then analyzed in vivo in a range of assays and allelic
series, which enabled a large-scale confirmation of the data from
the cell-based assay. Finally, we established and analyzed
a Notch interaction network. With this combined approach, we
identified 401 genes as regulators of Notch and determined
several cellular modules linking Notch and cancer.
RESULTS AND DISCUSSION
A Cell-Based Genome-Wide RNAi Screen
for Notch Regulators
To identify genes involved in Notch regulation, we designed
a cell-based assay that is applicable for genome-wide RNAic.
Figure 1. Primary Cell-Based Genome-
Wide RNAi Screen for Notch Regulators
(A) Outline of the life cycle of the Notch receptor
and design of the RNAi screen. Notch receptors
targeted for degradation are depicted in red;
receptors binding to ligands are depicted in yellow.
1: Translation, maturation, and transport through
ER-Golgi. 2: Early endocytotic events. 3: Psn-
mediated site-3 cleavage and release of the intra-
cellular domain results in Luciferase expression.
4/5: Late endocytotic events and sorting. 6: MVB
formation. 7: Fusion with lysosomes and degrada-
tion. 8: Inhibition of MVB formation results in
ectopic Notch signaling.
(B) Proof of principle: S2 cells were incubated
with the indicated dsRNAs and transfected with
Act:NotchLV, the reporter, and Act:RL. Normal-
ized data are represented as the mean ±SD.
(C) Outline of the genome-wide RNAi screen.
(D) Visualization of the data distribution after
the computational analyses/filtering, and overlap
with a reference list of high-confidence Notch
pathway components (Table S1C). In total, 900
hits were identified. Numbers in black are absolute
numbers. (See also Figure S1.)
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Combined Ex Vivo and In Vivo Notch RNAi Screenscreens (Figure 1A). Activation of the Notch pathway in the
developing Drosophila wing leads to the Su(H)-dependent
expression of target genes like Enhancer of Split [E(spl)] (de Celis
et al., 1996). This observation has been used previously to con-
struct a reporter for Notch activity based on a Notch Response
Element driving expression of Firefly Luciferase (NRE:FL)
(Thompson et al., 2005). Experiments in S2 cells confirmed the
transcriptional activation of the NRE:FL reporter by Notch.
However, the sensitivity was too low to provide consistent
results in a high-throughput format. To increase sensitivity, we
used a full-length Notch construct fused to the transcriptional
activator VP16 (Notch-LV) (Loewer et al., 2004; see Supple-
mental Information available online). As shown in Figure 1B,
the modified reporter assay detected the knockdown phenotype
of known Notch pathway components, while a NRE:FL-mut
reporter with mutated Su(H) binding sites did not respond to
Notch-LV. Subsequently, we used the assay for four replicate
genome-wide RNAi screens and generated a hit list based on
computational analyses (outlined in Figure 1C and in Experi-
mental Procedures).
After the application of cutoff filters and the removal of hits
with no predicted open reading frame, a total of 254 Notch
downregulators (D-list) and 646 Notch upregulators (U-list)
were identified (Tables S1A and S1B). In order to assess theDevelopmental Cell 18, 862–8validity of the identified genes, we first
determined the enrichment of known
Notch pathway components in these
lists (Figure 1D; Table S1C). This anal-
ysis revealed 28-fold enrichment (p =
2E-12) for known Notch pathway
components in the D-list, and 11-fold
(p = 3.4E-13) enrichment in the U-list.
Figure S1 provides an overview of the
position of these Notch regulators withinthe pathway and exemplifies that the cell-based RNAi screen
identified important components upstream as well as down-
stream of the receptor. Intriguingly, the screen discerned the
Notch ligand Ser and the Drosophila Epsin homolog Liquid
facets (Lqf) as high confidence downregulators. Lqf was previ-
ously shown to be required for Serrate and Delta endocytosis
and activity in the signal sending cells but not for Notch activity
in the signal receiving cells (Wang and Struhl, 2004). Transcrip-
tome as well as quantitative PCR analyses confirmed the
expression of Ser, and the absence of Dl, in S2 cells (Figure S1).
These findings indicate that Ser activity contributed signifi-
cantly to the monitored Notch signaling in S2 cells, which
was used as the basis for our screen. Nevertheless, we do
not exclude that the overexpression of Notch led to the identi-
fication of factors, which might only induce phenotypes in our
cell-based assay (see additional details in Supplemental Infor-
mation). We further assessed by GO enrichment analysis,
whether identified genes operate in tissues that are known to
depend on Notch signaling. For the 900 Notch regulators, we
find an enrichment of genes known to function in muscle,
eye, and nervous system development (p < 0.003). Further-
more, we find enrichment for genes involved in transcriptional
regulation and vesicle-mediated transport (p < 0.003), two
key steps in the Notch pathway.76, May 18, 2010 ª2010 Elsevier Inc. 863
Figure 2. Wing-Based In Vivo RNAi Screen
to Monitor Effects of IRs on Endogenous
Notch Signaling
Wing discs expressing IRs and RFP under the
control of en-GAL4 were examined for changes
in the activation of Notch signaling along the D/V
boundary marked by EGFP expression. In this
and all following figures, the anterior compartment
is to the left, and if not indicated otherwise the
images depict RFP in red and EGFP in green,
and bright field images in blue. For RFP and
EGFPmaximum projections and for the bright field
images, average projections of horizontal optical
sections are displayed with identical magnifica-
tion. The fluorescent pictures are given as duplets,
with the blue channel shown additionally in gray-
scale to make the wing disc morphology acces-
sible for evaluation (if applicable). If not indicated
otherwise, arrows mark areas with disturbed
Notch signaling.
(A) Representation of wild-type wing imaginal
discs. Indicated are the different compartments,
the expression domain of en-GAL4 (RFP expres-
sion, gradient reflects different expression levels),
and the expression domain of NRE:EGFP.
(B) Outline of the wing disc screening procedure.
Immediately after dissection, wing discs from
Drosophila larvae transgenic for en-GAL4 UAS-
myr-RFP NRE:EGFP and expressing the indicated
IRs were attached to the surface of conventional
glass coverslips and either visually inspected or
images recorded.
(C) EGFP and RFP distribution in a control wing
disc. The arrow marks a critical region with signif-
icantly lower Notch signaling, which under certain
imaging conditions can appear as a gap but not
if visually inspected (details in Supplemental
Information).
(D–H) Representative examples showing the effect
of the knockdown of components of the canonical
Notch pathway. (See also Figure S2.)
Developmental Cell
Combined Ex Vivo and In Vivo Notch RNAi ScreenTaken together, these results indicate that we identified a list
of candidate Notch regulators with the cell-based RNAi screen,
which is highly enriched for known pathway components,
located upstream and downstream of the receptor.
In Vivo RNAi Screen in the Drosophila Wing
On the basis of the Notch regulators identified in the cell-based
screen, we obtained the available transgenic RNAi lines.We refer
to this library of 750 RNAi lines targeting 501 genes as the Notch
pathway component enriched RNAi library (NPCER library).
To establish an assay that can visualize canonical Notch
signaling during Drosophila wing development and is applicable
for in vivo screening, we generated fly lines transgenic for a
NRE:EGFP construct. In these flies, EGFP expression marked
the cells with active Su(H)-dependent Notch signaling along
the dorsal ventral (D/V) boundary of the larval wing imaginal
disc (Figure 2A). We then combined this transgenewith engrailed
Gal4 (en-GAL4), UAS-myrRFP, and UAS-Dicer2. Crossing the
resulting flies with any RNAi line limited the RNAi effect to the
RFP-marked posterior compartment of the wing disc, whereas
the anterior compartment served as an internal wild-type control
(Figure 2A). Finally, we established a rapid method to submit864 Developmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Indissected discs to an imaging procedure avoiding time
consuming fixation and labeling techniques (Figure 2B; Fig-
ure S2; Experimental Procedures). The reproducibility/accuracy
of our approach and the specificity of the NRE:EGFP reporter
was revealed using RNAi lines, which targeted components of
the canonical Notch pathway (Figure 2; Figure S2). As expected,
knockdown of Notch and Su(H) resulted in a loss of EGFP
expression specifically within the RFP-marked posterior
compartment, whereas the knockdown of ESCRT components
induced tumor formation and ectopic Notch activation (n > 30
for each RNAi stock depicted).
Accordingly, we screened the NPCER library using this exper-
imental setup. For each RNAi line, we registered several pheno-
types using specific terms (Figure 3; Figure S3), and associated
these phenotypes with the given RNAi lines in Table S2A. The
phenotypes were collected from wing imaginal discs and adult
wings, wherever possible. Besides phenotypes, which can be
directly correlated with a loss or a gain in Notch function (see
below), we registered additional phenotypes like viability, disc
size, RFP expression, and morphology of the adult wing
(Figure S3). These attributes were used to obtain an overview
of those Notch regulators, which could not be validated due toc.
Figure 3. Main Phenotypic Parameters Used in Wing-Based In Vivo RNAi Screen to Judge Notch Signaling Status In Vivo
(A–E, G, and I) Representative examples for phenotypes induced by the expression of IRs during wing development and the specific terms used for registration.
(D) The anterior compartment with normal Notch signaling along the D/V boundary is highlighted.
(F) Marked are important features of an adult wing. The dashed line marks the anterior posterior boundary.
(H) Representation of theC96-GAL4 expression domain. The IRs in (A-E, G) were expressedwith en-Gal4, the phenotype in (I) induced withC96-GAL4. Anterior is
to the left. EGFP, green; RFP, red; bright field, blue. (See also Figure S3.)
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Combined Ex Vivo and In Vivo Notch RNAi ScreenRNAi-induced lethality and/or strong morphological aberrations,
and to build a resource for further studies. With reference
to Su(H)-dependent Notch signaling (EGFP expression), we
discriminated between downregulation (loss of EGFP signal in
the majority of the posterior compartment = ‘‘down’’; loss of
EGFP signal in a small region of the D/V boundary = ‘‘gap’’)
and upregulation (stronger EGFP signal along the D/V
boundary = ‘‘up’’; appearance of EGFP signal outside of normal
expression domain = ‘‘ectopic’’). The registration of the wing
phenotypes in eventually hatching adult flies complemented
this data set (Figure 3; Table S2A). Loss of Notch signaling along
the D/V boundary in the wing disc, for instance, manifests itself in
a tissue loss along the wing margin (notches). In case of lethality
or diminished disc growth, assay conditions were adjusted or
C96-GAL4 was used (Figure 3; Supplemental Information).
The amount and variety of the obtained phenotypic data
made it then necessary to assign to each gene a higher-level
phenotypic category reporting the Notch signaling status
upon knockdown, and taking into account all Notch-related
phenotypes scored. This assignment was done by pooling and
subdividing the scored phenotypes in a two-step procedure
using the logical gate ‘‘AND.’’ To this end, we first analyzed the
recorded phenotypic parameters for each RNAi stock and assay
condition, and pooled them into simplified groups (e.g., NotchDeveupregulation, downregulation; Table S2A). Depending on the
phenotypes recorded, an RNAi line could be a member of both
groups (upregulation ‘‘AND’’ downregulation). For example, if
an RNAi line induced an upregulation of Notch signaling (higher
EGFP expression) in the wing disc but a downregulation in the
adult wing (notches), the RNAi stock had a mark as Notch
upregulator and a mark as Notch downregulator (Table S2A).
Thereafter, we pooled for each gene the simplified phenotypic
information coming from different assay conditions and/or
different RNAi lines, which resulted in the final assignment of
one of five primary, Notch-related phenotypic categories:
‘‘down,’’ ‘‘up,’’ ‘‘up-down’’ = up and down, ‘‘l-in’’ = lethal and/or
indeterminable, ‘‘n’’ = no effect (Table S2B).
Based on these primary phenotypic categories, we performed
data distribution analyses. Of the 473 tested genes (179 from the
D-list and 294 from the U-list), the knockdown of 281 (59.5%)
genes affected Notch signaling. We observed a striking enrich-
ment of validated Notch regulators in the D-list (Figure 4A),
with 133 (74.4%) genes affecting Notch signaling, and 76 genes
matching the ‘‘down’’ attribution from the original cell-based
assay. Another 23 genes (12.9%) displayed the opposite pheno-
type and upregulated Notch signaling, whereas a further 34
genes (19%) from the D-list displayed features of both up- and
downregulation (Figure 4A). From the U-list, 136 (46.3%) geneslopmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inc. 865
Figure 4. Distribution of the Final Phenotypic Categories fromWing-Based RNAi Screen and Confirmation of Significance of Up-Down Cate-
gory
(A) Visualization of the distribution of the final phenotypic categories from the wing-based RNAi screen.
(B) Expression of CG9922-IR with en-GAL4 resulted in upregulation of Notch signaling in the wing disc, but hatching progenies displayed wing margin notches.
(C and D) Temporal dynamics of Notch signaling. (C) Wing discs of progressively older (from left to right) wild-type larvae were dissected and imaged simulta-
neously. Aging becomes apparent through size increase and morphological changes. (D) Images of a wild-type disc cultured in vitro. Aging becomes apparent
only through morphological changes, because cultured discs do not grow.
(E) Comparison between a young and old CG9922-IR expressing wing disc, which were imaged simultaneously.
(F and G) Adult wing phenotypes resulting from Notch upregulation through inactivation of Hairless (H) or overexpression of an activated form of Notch (NS2)
are displayed.
(H) Expression ofSu(dx)-IRwith en-GAL4 resulted in upregulation of Notch signaling, whereas expressionwithC96-Gal4 inducedwingmargin notches. Anterior is
to the left. EGFP, green; RFP, red; bright field, blue. (See also Figure S4.)
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attribution, 35 (12%) displaying the opposite phenotype, and
53 (18%) giving rise to features of both up- and downregulation
(Figure 4A). That the knockdown of some genes resulted in
opposite phenotypes in S2 and wing cells might not be
surprising, given the complexity of Notch signaling in the wing
and the difference in cell types. The S2 cells are derived from
Drosophila embryos and are of hemocytic origin, but can be
forced into myogenic differentiation (Hossain et al., 2003).
Thus, it is not unlikely that we identified a variety of cell-type
specific factors, which regulate Notch signaling in a context
dependent fashion. Additionally, the knockdown of some genes
might contribute to Notch activation in the context-of higher
Notch expression (cell-based screen), but at the same time these
genes might be indispensible for endogenous Notch activation
(wing-based screen), and vice versa (Table S1C).
The ‘‘Up-Down’’ Regulators
Under regular conditions, it seems obvious that the knockdown
of any given gene will either result in an up- or downregulation of
Notch signaling or will have no impact. It is surprising that the
knockdown of 87 validated Notch regulators induced Notch
loss as well as gain of function phenotypes during wing develop-
ment (Figure 4A). As an example, we further analyzed the knock-
down of the gene CG9922, the Drosophila homolog of human
Huntingtin-interacting protein K. In wing discs, the depletion of
CG9922 induced an upregulation of Notch signaling along the
D/V boundary (Figure 4B). Nevertheless, the wings of the adult
flies displayed the opposite phenotype: wing margin notches,
which are a hallmark of downregulation of Notch signaling along
the D/V boundary (Figure 4B). This phenotype implies either
a reversion of Notch upregulation during progression of develop-
ment, or an incorrect assessment of the reporter expression.
However, the latter can be ruled out as the EGFP signal is very
strongly and specifically increased upon CG9922 knockdown
in all wing discs inspected (n > 50) (Figure 4; Figure S4). Conse-
quently, it seems plausible that the upregulation of Notch activity
during early wing development is later translated into downregu-
lation. In wild-type discs, we observed a progressive decline in
Notch reporter expression during growth and morphogenesis,
accompanied by an increase in en (RFP) expression (Figures
4C and 4D). We obtained a similar result in CG9922 knockdown
discs but never observed a specific decrease in reporter expres-
sion in the posterior compartment, where the RNAi was induced
(Figure 4E; Figure S4).
These results left us with the possibility that upregulation of
Notch signaling along the D/V boundary might result in a Notch
loss of function later in development by default. To test this
possibility, we enhanced Notch signaling specifically in this
region either by knockdown of the negative regulator Hairless
or by the overexpression of an activated form of Notch (Ns2). In
both cases the resulting adult wings were spoon-shaped and
without margin notches (Figures 4F and 4G), effectively ruling
out a direct correlation between Notch upregulation during larval
wing disc development and a later Notch loss of function pheno-
type. Interestingly, the knockdown of another postulated nega-
tive regulator of Notch, Suppressor of Deltex (Su(dx)), behaved
very differently than the depletion of Hairless: Knockdown of
Su(dx) with en-GAL4 induced upregulation of Notch signalingDevealong theD/V boundary (Figure 4H) and lethality, and knockdown
withC96-GAL4 yielded viable progeny with wingmargin notches
(Figure 4H). Originally, Su(dx) was described as a negative
regulator of Notch (Fostier et al., 1998), but this finding was
challenged by interaction studies with mutations in daughterless
during ovary development (Smith et al., 2002) suggesting a func-
tion as positive regulator. In this light it seems not surprising that
we observed both Notch gain and loss of function phenotypes.
The noncorrelation of Notch reporter output and adult wing
phenotypes in the phenotypic category ‘‘up-down’’ could also
be caused by the requirement of a Su(H)-independent nonca-
nonical Notch signaling event, along with canonical Notch
signaling, for proper wing margin formation. With the NRE:EGFP
reporter strictly depending on Su(H) function, wewere not able to
monitor such a noncanonical signaling event in the wing disc.
Recently, a noncanonical Notch function has been described
buffering the activity of Armadillo, a component of the Wingless
pathway (Sanders et al., 2009). Given that Notch and Wingless
act together during D/V boundary formation, this noncanonical
pathway could be required along with canonical Notch signaling
for this process. Alternatively, additional noncanonical Notch
pathways might exist.
In summary, we conclude from our analyses that systematic
scoring errors are unlikely to contribute to the classification of
Notch regulators into the category ‘‘up-down.’’ Instead, the
results obtained with ept (Supplemental Information), Su(dx)
and CG9922 indicate the existence of a group of genes, which
serve as positive and negative regulators, likely in a tissue- and
time-dependent manner. Further studies will be required to
dissect this interesting phenomenon as well as the possible
contributions of noncanonical Notch signaling.
In Vivo RNAi Screen in the Drosophila Compound Eye
Notch is overexpressed in many human cancers and has been
linked to a number of malignancies (Wang et al., 2009). Thus,
we established a transgenic Notch overexpression system to
test the effect of the ex vivo identified Notch regulators in vivo.
This system is based on a previously described Drosophila
eye-specific assay (Figure 5A) (Loewer et al., 2004). Briefly,
Notch-LV was overexpressed with GMR-GAL4 in all cells of
the developing and adult retina ofDrosophila. Eventual activation
of Notch-LV by the knockdown of candidate genes resulted in
the release of the intracellular domain, which then translocated
into the nucleus and induced expression of a LexA-Operator:
GFP reporter. We tested the experimental setup by knocking
down genes encoding different ESCRT components, which
recapitulated two important features of the corresponding
mutants, namely ectopic Notch activation (Figures 5B–5D) and
accumulation of ubiquitinated proteins in dense vesicular
membranes (Figure S5), confirming the functionality of the assay.
Accordingly, we screened the NPCER library using this eye-
based assay and identified 167 (36%) positive scoring genes
(Figure 5E; Table S3A). A comparison of Notch regulators that
had been confirmed with the wing- and eye-based screens
revealed a set of 102 genes that scored positive in both assays.
An additional 65 and 166 Notch regulators had scored exclu-
sively in the eye- or wing-based screen (Figure 5F; Table S3B),
with 17 and 19 having been tested in only one of the assays,
respectively.lopmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inc. 867
Figure 5. Eye-Based In Vivo RNAi Screen to Monitor Ectopic Notch Activation
(A) Outline of the Notch reporter system.
(B–D) Proof of principle: The indicated IRs were expressed and the GFP expression documented. Adult Drosophila eyes expressing IRs and expressing a Notch
reporter system (N-RS) were monitored under UV light for GFP expression.
(E) Visualization of the distribution of the scored parameters of the eye-based secondary RNAi screen. One gene is present in two categories (‘‘only viable with
Notch’’ and ‘‘GFP expression’’).
(F) Venn diagram depicting the overlap between Notch regulators validated with the wing- and eye-based RNAi screens. Proportional numbers are shown. Of the
wing- and eye-specific Notch regulators, 17 and 19 have not been tested in both assays, respectively.
(G) Venn diagram visualizing the overlap between three different data sets of Notch regulators. Proportional numbers are depicted. (See also Figure S5.)
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Combined Ex Vivo and In Vivo Notch RNAi ScreenTo gain further insight into the nature of the genes scoring
positive either in the eye-based assay or the wing-based assay,
or both (Figure 5), we performed GO term enrichment analyses.
For example, these analyses revealed a specific enrichment for
gene products involved in compound eye morphogenesis or in
cell cycle regulation within the eye-specific category of Notch
regulators (p < 8xE-4). In contrast, the wing specific-category
of Notch regulators was enriched for gene products involved
in DNA-dependent transcription or belonging to intracellular
membrane-bounded organelles (p < 3xE-12). These results not
only highlight the cell-type specific aspects in the differences
of the two in vivo RNAi screens we used, but the functional differ-
ences as well. Whereas the eye-based reporter system only
detects ectopic Notch activation, independent of any of the
nuclear factors required for the transcriptional output of canon-
ical Notch signaling, the Notch signaling output monitored in868 Developmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inthe wing-based screen heavily depends on DNA-dependent
transcription and its regulation. However, the enrichment of
genes involved in cell cycle regulation in the eye-based assay
pinpoints a flaw in these types of analyses and comparisons.
Without going into detailed numbers, in both assays Notch
regulators scored positive, which in the other assay did not score
because they either led to lethality or induced such strong
morphological aberrations that no scoring was possible; a fact
obscuring any enrichment analyses. Nevertheless, we believe
that due to our setup for the initial ex vivo RNAi screen and our
aim to also identify factors, which might only play a role in Notch
overexpressing cells or tissues, both assays used for in vivo
validation were sensible and provided useful results, but that
in terms of canonical and disease-unrelated Notch signaling
the results obtained with the wing-based assay are of more
importance.c.
Developmental Cell
Combined Ex Vivo and In Vivo Notch RNAi ScreenTaken together, we tested 501 of the 900 ex vivo identified
Notch regulators with in vivo RNAi approaches and confirmed
a total number of 333 asNotch regulators, with 65 and 166 exclu-
sively scoring positive in the eye-based or wing-based assay,
respectively.
A Notch Interaction Network
Intracellular biological networks are based on interacting pro-
teins that together maintain a cellular process and interconnect
different processes. Computational tools have been developed
to construct large-scale networks integrating information from
different sources, including literature search and genetic interac-
tions. Having a highly validated data set at hand, we here set out
to build an interaction network for Notch. In a first step, we
generated a network among all the candidate Notch regulators
from the cell-based screen, which contained 900 nodes in total
and connected 638 nodes by about 5000 interactions (edges).
In the graph, one edge reflects an interaction independent on
how often this interaction was found in the different databases.
Furthermore, information from the literature was used to curate
the network and to group nodes into modules mainly according
to their function and/or cellular localization (Supplemental Infor-
mation). In a next step, we encoded the higher-level phenotypic
attributes from the in vivo validation (Tables S2B and S3A) as
visual properties of the node color, size and outline (Figure 6;
Figure S6) (network files Notch_Network_1 and Notch_Net-
work_2). The visualization made it apparent that, with the excep-
tion of the modules 19 and 20—which either do not contain
Notch regulators tested in vivo or where the applied RNAi proved
to be lethal—all modules are populated with in vivo-validated
Notch regulators. This includes modules comprising such vital
cellular processes as RNA splicing and protein synthesis as
well as different metabolic enzymes (Figure 6).
It is striking that we identified and validated Notch regulators in
almost every cellular process, whichmight play an important role
during the life cycle of the Notch transmembrane receptor itself,
and it is tempting to speculate that Notch is regulated at each of
these steps. Alternatively, the Notch pathway could be particu-
larly sensitive to vital processes such as protein synthesis,
because apparently the amount of highly conserved pathway
components (e.g., Notch and Hairless) plays a very critical role.
This manifests itself in dominant phenotypes caused by the
loss of one gene copy of these factors. Previously described
genetic interactions further support our observation that the
depletion of vital cellular factors can specifically influence the
Notch pathway: In genetic screens, the ribosomal proteins
RpL19 and RpL13Awere identified asmodifiers of Notch pheno-
types (Alexander et al., 2006; Klein and Campos-Ortega, 1992).
However, because we currently cannot distinguish those
confirmed Notch regulators that act directly on the Notch
gene, mRNA, or protein, further experiments will be required to
address this observation in the future.
With regard to signaling pathways contributing to Notch
regulation, we identified several components of the JNK and
EGFR pathway. The latter observation is not surprising given
the long-standing history of genetic interactions between the
Notch and EGFR pathway in Drosophila, especially during eye
development (Shilo, 2005). Some interactions for JNK have
been reported, but these are mostly indirect with the exceptionDeveof one report, which demonstrated an Su(H)-independent inter-
action between Notch and JNK during embryonic dorsal closure
in Drosophila (Zecchini et al., 1999). This interaction was con-
firmed in mouse embryonic fibroblasts (Kim et al., 2005). The
molecular basis for the interaction between Notch and JNK
awaits further analyses, particularly because of the prominent
role of JNK signaling in cancer (Wagner and Nebreda, 2009).
Within the network, candidates for tumor suppressor genes,
identified on the basis of significant overproliferation of the
wing tissue upon RNAi induction, also can be found in almost
all network modules (Figure 6). Furthermore, we observed a
strong correlation between Notch upregulation and overprolifer-
ation, with 55 of the 67 tumor suppressors showing Notch gain of
function phenotypes. For 45 of these tumor suppressor candi-
dates clearly identifiable human homologous could be retrieved
from the databases (Table S4A).
Several modules in the interaction network were populated
with a conspicuous number of confirmed Notch regulators (Fig-
ure 6), though this was no surprise given the published data and
the requirements for Notch signaling. For instance, module 1
contained components of the ESCRT (Vps proteins), module 2
contained proteins involved in endocytosis and protein traf-
ficking, and module 21 contained proteins involved in transcrip-
tional regulation. Nevertheless, neither a module nor a defined
protein complex within the network contained all the compo-
nents known from the literature. This is a typical feature of data
obtained with high-throughput approaches, because it is virtu-
ally impossible to find conditions for thousands of gene knock-
downs to be similarly effective. However, one can assume that
if a module itself, or the cellular process it represents, is impor-
tant for Notch signaling, knockdown of missing members
(secondary candidates) should induce phenotypes related to
Notch signaling as well. This assumption could be described
as the predictive power of a highly validated interaction network.
At the same time, the validation of secondary candidates can be
used as a quality assessment of a network. However, several
technical restrictions apply: (1) RNAi is not equally efficient for
all genes, (2) randomly inserted transgenes do not express IRs
at identical levels, and (3) proteins can have different half-lives.
Consequently, if the RNAi knockdown of a given missing module
member does not lead to a phenotype, it cannot be excluded
that this gene eventually would have a function in the Notch
pathway. For the exclusion of genes, different hypomorphic
and amorphic alleles would be required, which is not realizable
on a genome-wide scale at the moment.
To assess the quality of our Notch interaction network, we
tested RNAi lines targeting 46 genes mainly encoding members
of theVpsproteins, theendocytoticmachinery, and the lysosomal
proton pump (Vha-proteins) (Tables S4B and S4C). This analysis
culminated in the identification of 22 additional genes involved in
Notch signaling highlighting the importance of these processes
for proper control of the Notch pathway, and confirming the
quality of the network. The results are interesting, especially
with regard to the Vha-protein family, because a link between
the lysosomalprotonpumpandNotchhasbeen reported recently
in Drosophila (Yan et al., 2009). To further evaluate the quality of
our network, we focused on the glycolysis/pyruvate module and
thePcG-TrxGsystemwithin the transcriptional activation-repres-
sion module, which have not been linked to Notch before.lopmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inc. 869
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Combined Ex Vivo and In Vivo Notch RNAi ScreenGlycolysis/Pyruvate Metabolism and Notch Signaling
In the cell-based Notch screen, we identified 12 members of the
carbohydrate metabolism and validated 5 members in vivo.
Interestingly, the knockdown of two components resulted in a
significant overgrowth phenotype associated with Notch
upregulation. Both components, namely pyruvate kinase (PyK)
and pyruvate dehydrogenase subunit B (PDHB) belong to the
pyruvatemetabolism, which has been linked to cancer (Deberar-
dinis et al., 2008). To confirm the importance and relevance of
this module, especially of the pyruvate metabolism, we analyzed
several secondary candidates belonging to the core pyruvate
pathway as well as a number of up- and downstream factors
(Tables S4B and S4C). Because interactions in the databases
are limited, we extended the number of members within this
module by using the KEGG pyruvate metabolism reference
pathway (Kanehisa et al., 2008). Figure 7A gives an overview of
the core Drosophila pyruvate metabolism with gene names
according to the enzymatic nomenclature. For the indicated
enzymes, RNAi lines were obtained and tested in the wing assay.
Of the 25 genes tested, 9 genes scored positive and increased
Notch signaling, and 5 genes displayed a lethal or indetermin-
able phenotype. Intriguingly, 4 of the 9 positive genes displayed
a tissue overgrowth phenotype (Figures 7C and 7E–7G).
It has been described that changes in glycolysis and pyruvate
metabolism, and thus of metabolic strategies, can affect the
morphology of mitochondria in mammalian cells (Hackenbrock,
1968). To show that the knockdown of our candidate genes
affected metabolic strategies in Drosophila, we performed
transmission electron microscopy experiments. Whereas the
mitochondria in cells from control wing discs appear dense
and filled with enlarged cristae, the mitochondria from cells
subjected to knockdown of PDHB or PGK are less dense and
display matrix expansions suggesting that alternative metabolic
strategies are used by these cells (Figures 7I–7K; Figure S7).
This is an intriguing finding in light of the revival of the Warburg
theory and the prominent role of PyK as described in recently
published cancer studies. According to Warburg’s theory, the
development of cancer is promoted due to impairment of the
respiratory mechanism of cells, which leads to a growth advan-
tage as these cells generate their energy,mostly via nonoxidative
breakdownof glucose (VanderHeidenet al., 2009;Warburg et al.,
1924). In healthywild-type cells, energy ismainly producedby the
oxidativemetabolization of pyruvate. A central role for PyK in this
scenario comes from observations that tumors almost exclu-
sively express one isoform of PyK (PyK-M2) displaying submax-
imal activity. PyK-M2 leads to the accumulation of glycolyticFigure 6. A Notch Interaction Network
The networkmap displays all 900 candidates identified in the primary cell-based s
the core of the Notch pathway are red. The node shape defines the scoring in t
phenotypic parameters from the wing-based assay (yellow, down; red, up; gree
of Notch itself, nodes with a larger size have been scored as inducing overgrowth.
black, only lethal with Notch; purple, only viable with Notch; blue, lethal). Base
conserved homologous, nodes were grouped into the following modules: 1, ES
channels; 5, cell adhesion; 6, ER/Golgi; 7, chaperones/global cofactors; 8, lysoso
some pathways; 12, glycolysis/pyruvate metabolism; 13, mitochondria; 14, EG
pathway; 18, miRNA/RNAi pathways; 19, signaling molecules/receptors; 20, odo
initiation; 23, transcriptional elongation; 24, splicing/RNA-binding; 25, ribosome;
initiation; 29, nuclear import/export; and 30, apoptosis. Within module 21 cand
CCR4-NOT, or the Mediator complex were further subdivided. (See also Figure
Deveintermediates and the stimulation of the pentose phosphate
pathway (summarized by Deberardinis et al., 2008). Moreover,
tyrosine phosphorylation of PyK-M2 inhibits promotion of the
Warburg effect (Hitosugi et al., 2009) highlighting its important
role for tumor growth. Currently, and without any further data
and studies at hand, we can only speculate about the connec-
tions between glycolysis, pyruvate metabolism, and Notch
signaling. One possibility is the induction of a cellular hypoxia
response due to feedback mechanisms connecting the meta-
bolic state of a cell with stress responses. It has been shown
that one of the key factors of the hypoxia response in mamma-
lian cells, hypoxia-inducible factor 1 (HIF1), coassociates with
Notch on chromatin, which leads to intensification of Notch
signaling and the maintenance of undifferentiated cell states
(Gustafsson et al., 2005). However, unbiased studies performed
at a time, when the nature of the protein encoded by the Notch
locus was unknown, revealed an effect of Notch mutations on
the activity of different mitochondrial enzymes in Drosophila
(Thorig et al., 1981). Additionally, treatment of Drosophila with
antimetabolites resulted in phenotypes resembling classical
Notch phenotypes (Bos et al., 1969; Thorig et al., 1987), which
provides further support for strong and important interactions
between the Notch signaling pathway and the metabolic
network.
Our data suggest that there is amuchmore direct link between
energy metabolism and signaling pathways than previously
thought. Because the knockdown of single components of the
pyruvate metabolism is sufficient to trigger overgrowth in
Drosophila, this will be an extremely powerful system to study
the involved mechanisms directly in vivo in the future.
Epigenetic Regulators and Notch Signaling
For the sake of clarity, we combined all candidates involved in
transcriptional activation and repression in one module in the
network (Figure 6). Within this module a number of components
from well-known complexes are present. Interestingly, we iden-
tified 13 core components of the Polycomb (Pc) and Trithorax
(Trx) group (PcG-TrxG). Whereas the PcG proteins are required
for the epigenetic maintenance of the inactive state of genes,
the TrxG proteins maintain the active state and counteracts
PcG-mediated silencing (Schuettengruber et al., 2007). The
PcG gene products localize to the nucleus in heterogeneous
complexes. Thus far, three complexes, named PRC1, PRC2,
and PhoRC, have been identified. On first sight, it seems unlikely
that these proteins were able to influence the cell-based Notch
reporter assay directly, which is based on transiently transfectedcreen as nodes and their interactions as edges. Edgesmarking interactions with
he primary assay (circle, up; triangle, down), whereas the node color denotes
n, up-down; gray, l-in; blue, no score; white, not tested). With the exception
The outline encodes the scoring in the eye-based assay (red, GFP expression;
d on knowledge about the function or localization of gene products or highly
CRT; 2, endocytosis; 3, cytoskeleton/endocytosis regulation; 4, transporters/
mal proton pump; 9, unknown; 10, enzymes/metabolism; 11, ubiquitin/protea-
FR pathway; 15, nutrition-dependent growth control; 16, cell cycle; 17, JNK
r/taste reception; 21, transcriptional activation/repression; 22, transcriptional
26, ribosome biogenesis; 27, posttranslational modification; 28, translational
idates belonging to the PcG-TrxG system, the Brahma, the Tip60-NuA4, the
S6.)
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Figure 7. Analysis of the Importance of the Pyruvate Metabolism for Notch Signaling and Wing Disc Development
(A) Flow chart of the core pyruvate metabolism with some up- and downstream processes. The node color denotes phenotypic parameters from the wing-based
assay (red, up; green, up-down; gray, l-in; blue, no score). Purple outlines indicate overgrowth phenotypes.
(B–H) Wing discs expressing the indicated IRs and RFP under the control of en-GAL4 were examined for changes in wing morphology and in the activation of
Notch signaling along the D/V boundary marked by EGFP expression.
(I–K) Micrographs from transmission electron microscopy studies with wing discs expressing the indicated IRs. Displayed are the observed changes (in three
examples indicated by arrows) in the morphology of mitochondria (outlined with white dashed lines). Anterior is to the left. EGFP, green; RFP, red; bright field,
blue. (See also Figure S7.)
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strated that H3methylation by the PcGmember E(z) can coat the
entire genomic E(spl) locus (Schaaf et al., 2009) raising the possi-
bility that theNRE present in our vector is covered with an epige-
netic coat. Additionally, Ser and Notch have been identified as
a PRC1 target during eye development (Martinez et al., 2009),
implying that changes in epigenetic gene control could modulate872 Developmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier InSer and Notch expression and thereby lead to significant
changes in Notch activity in S2 cells.
Based on the 13 identified components, we generated a
subnetwork of the PcG and TrxG proteins that included
numerous secondary candidates. For a variety of these candi-
dates, we obtained the available RNAi lines, tested these lines
in the wing assay and mapped the results onto the interactionc.
Developmental Cell
Combined Ex Vivo and In Vivo Notch RNAi Screennetwork (Figure 8A). Strikingly, the distribution of up- and down-
regulators within this network did not show any correlation with
group member (PcG or TrxG) or protein complex attributes,
except for the PRC2 complex. For instance, Pc and Ph both
belong to the PcG proteins and have been identified asmembers
of the PRC1 complex. Nevertheless, knockdown of Pc resulted
in the downregulation of Notch signaling and wing discs of
mostly normal morphology and size, whereas the knockdown
of ph created huge tumors and ectopic Notch activation (Figures
8B and 8J). The only other gene showing such a striking pheno-
type as ph was Trl, a member of the TrxG group (Figure 8H).
The specificity and effect of the Pc knockdown was verified
using additional marker genes and a mutation in the Pc gene
(Figures 8C–8G). During wing development, cut and wingless
(wg) are direct transcriptional targets for Notch at the D/V
boundary. Similar to our Notch reporter, Pc knockdown resulted
in the downregulation of Cut expression along the D/V boundary.
We observed an identical effect in cell clones homozygous
mutant for Pc. In such clones, Wg expression along the D/V
boundary was diminished as well. In wing discs, Wg is not only
expressed at the D/V boundary but also in two concentric rings
around the wing pouch. Interestingly, Pc clones did not affect
Wg expression in this area, which has been shown to be inde-
pendent of direct regulation by Notch (del Alamo Rodriguez
et al., 2002). Thus, Pc mutations seem to exert their effect on
Wg expression only through Notch.
Besides validating the effect of Pc on Notch signaling with
a classicalPc allele, we could demonstrate a similar dependence
of the overgrowth of Ph-depleted wing discs on active Notch
signaling (Figures 8K–8N) as recently shown for ph mutant eye
discs (Martinez et al., 2009). For that purpose, we performed
double knockdown experiments with RNAi lines targeting
Su(H), Notch, and ph. Simultaneous knockdown of Su(H) and
ph resulted in an almost complete suppression of the overgrowth
phenotype and a largely restored disc morphology. Detection of
Ph protein excluded an effect of Su(H) on Ph protein levels and
provided evidence that the RNAi line used targeted Ph indeed.
In transplantation experiments, Su(H) exerted a growth-inhibiting
effect on Ph-depleted tissue as well (Figure S8). The identical
ectopic Cut expression and overgrowth phenotype observed
upon knockdown of ph as well as in ph mutant cell clones
confirmed the observed upregulation of Notch signaling (Fig-
ure 8O) (data not shown), and the previously described over-
growth phenotype of ph mutant clones (Beuchle et al., 2001).
Taken together, these experiments not only provide evidence
for the specificity of the RNAi line used to knockdown ph but
also establish a direct link between the tumor suppressor activity
of Ph and Notch signaling in the wing disc.
Recently, a tumor-suppressive function for PRC1 has been
suggested, mediated through a direct PRC1-dependent repres-
sion of Notch and Ser during eye disc development inDrosophila
(Martinez et al., 2009). However, our observation of a noncorrela-
tion of mutant phenotypes with PRC1 composition is a clear
indication that deregulation of Notch signaling and tumor forma-
tion is not caused by the loss of canonical epigenetic silencing
through PRC1, at least in the wing disc. Otherwise, all the
mutants for PRC1 components would display the same pheno-
type. For instance, in mutant clones for Pc and ph, HOX genes
such as Abd-B, which are silenced by PRC1 in wild-type wingDevediscs, become activated (Beuchle et al., 2001). However, this
seemingly is neither the cause nor the consequence of the
observed deregulation of Notch, because Pc and ph mutants
have opposite phenotypes in this regard. Furthermore, our
observation of complex and diverse phenotypic features within
the PcG-TrxG system can be confirmed by the results of earlier
studies with respective mutants (Beuchle et al., 2001; Ferres-
Marco et al., 2006; Janody et al., 2004). Other members of the
PcG system that caused upregulation of Notch signaling were
E(Pc) and Psc. Therefore, it seems plausible that yet unidentified
complexes containing at least Psc, Ph, and E(Pc) play important
roles as negative regulators of Notch signaling. Similarly, Pc,
E(z), Su(z)12, and Dom could be involved in complexes serving
as positive regulators. As a result, future attempts to dissect
the interaction between the PcG-TrxG system and Notch
signaling should heavily depend on the analysis of precise
complex compositions, possibly in a tissue-specific manner.
In summary, the assessment of our Notch interaction network
with secondary candidates was very successful. All tested
modules or subgroups could be validated. This result underlines
the high quality of the constructed Notch interaction network and
its usefulness as a resource.
Conclusions
Our results demonstrate the advantage of a combined ex vivo
and in vivo RNAi approach. Although cell-based RNAi screens
can be performed in a high-throughput setting, the limited scope
of the in vivo validation often does not allow drawing statistically
significant conclusions about identified hits in vivo. The combi-
nation between an in vitro and in vivo RNAi screen, as we present
it here, can address this issue. Whereas the cell-based screen
preselects the candidates to be analyzed in vivo, the limited
number of in vivo lines allows a broader range of assays and
allelic series to be used, and thereby enables a large-scale
confirmation of the candidates from the cell-based assay.
However, such an approach can only be chosen if either a
high-throughput cell culture system exists for the process to
be studied or if a reliable reporter assay can be established.
Furthermore, certain regulators can be missed due to tissue-
specific restrictions or nonrequirement in certain cell types, but
this restriction applies for both types of RNAi screens.
We identified a total of 401 Notch regulators. Of these, 37
either belong to the core of the pathway or have been related
to Notch signaling previously, with high confidence (Figure 5G;
Table S4D). Another 11 genes overlap with a recently published
list of Notch regulators identified with in vivo RNAi (Figure 5G;
Table S4D) (Mummery-Widmer et al., 2009). Therefore, by these
criteria, of the 401 Notch regulators we identified, 353 appear to
have been identified specifically by the combined RNAi screen. It
is particularly interesting that there is only a very limited overlap
between the three data sets (Figure 5G), a fact that most likely
can be attributed to the differences in the approaches used
to generate these data sets. In one approach, the previously
established Notch interactors are identified primarily by genetic
interactions and mutant phenotypes in different tissues. In
another approach, the recently published whole-genome
in vivo RNAi screen focuses on external sensory organ formation
and identifies Notch interactors on the basis of induced pheno-
types and interaction network analyses. Our approach mainlylopmental Cell 18, 862–876, May 18, 2010 ª2010 Elsevier Inc. 873
Figure 8. Contributions of the PcG-TrxG System to Notch Signaling
(A) Network map of the core of the PcG-TrxG system. The node shape defines the scoring in the primary assay (up, circle; down, triangle; not identified secondary
candidate, hexagonal), whereas the node color denotes phenotypic parameters from the wing-based assay (yellow, down; red, up; green, up-down; gray, l-in;
white, not tested). Purple outlines indicate overgrowth phenotypes.
(B and H–J) Wing discs expressing the indicated IRs and RFP under the control of en-GAL4 were examined for changes in wing morphology and in the activation
of Notch signaling along the D/V boundary marked by EGFP expression. Anterior is to the left. EGFP, green; RFP, red; bright field, blue.
(C and D) Immunofluorescent detection of Cut expression (green) in control and Pc-depleted wing discs.
(E–G) Wing discs bearing Pc mutant clones (areas lacking green GFP signals are indicated by arrows) were examined for the expression of Cut and Wg (red).
The arrowhead marks a clone spanning the inner circle of Wg expression. Images depict maximum projections of horizontal confocal sections.
(I–L) Wing discs expressing the indicated IRs were imaged simultaneously and displayed with identical magnification. The blue (J0) and green channel (J00) is
displayed with reduced size. The outlined circle marks the remnant anterior compartment with normal Notch signaling along the D/V boundary. Anterior is to
the left. EGFP, green; RFP, red; bright field, blue.
(M and N) Immunofluorescent detection of Ph (red) in wing discs expressing the indicated IRs and RFP (blue) under the control of en-GAL4. Anterior is to the left.
(O) Wing discs bearing ph mutant clones (areas lacking green GFP signals, arrows) were examined for the expression of Cut (red). (See also Figure S8.)
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Developmental Cell
Combined Ex Vivo and In Vivo Notch RNAi Screenrelied on a combination of ex vivo and in vivo RNAi, and the wing
and eye tissue as final readout for the validation of Notch regula-
tors. Thus, these approaches seem to result in different data sets,
which might correlate with tissue-specific aspects of Notch
signaling. Furthermore, when we compared our 353 Notch regu-
lators to the data set from the sensory organ screen, 156 did not
show any significant score and 121 scored as lethal. The latter
finding, in particular, supports our hypothesis that a preceding
ex vivo cell-based RNAi screen can effectively preselect the
candidates to be analyzed in an in vivo screen. In our case, this
allowed the use of a broader range of assays and allelic series
compared with a whole-genome screen, which might have
ultimately increased the identification of Notch regulators.
The Notch interaction map presented here opens up entirely
new and interesting perspectives for the regulation of Notch
signaling in development and disease. Future epistasis experi-
ments as well as proteomic approaches will be required to place
the interactors within the pathway and to reveal the exact links to
other pathways and the cellular metabolic network.EXPERIMENTAL PROCEDURES
The cell-based RNAi screens followed standard procedures. Briefly,
Drosophila S2 cells were plated into 384-well plates and transfected with the
components of theNotch assay (NRE:FL;Act:NotchLV) andAct:RL for normal-
ization at day 3, with each well containing double-stranded RNA targeting one
gene ofDrosophila (14 224 probes, BKN library). Every plate contained positive
(dsRNA targeting Notch, nct, ept) and negative controls (GFP). At day 5, we
measured RL and FL activity. Information on dsRNA sequences is publicly
available (http://www.genomernai.org) (Horn et al., 2007). Candidates for
significant up- and downregulation were identified computationally. Analysis
1 integrated all four screens and relied on quantile normalization and a confi-
dence interval of 95% as described for the analysis of microarray data (Van
Belle et al., 2007). Analysis 2 used for the upregulators the normalized ratio
to the ept controls present on each plate and for the downregulators the
normalized ratio to the GFP control on each plate. An identical cutoff filter
was applied to each screen separately and a confidence was generated based
on the number of times a candidate passed the filter. GO enrichment was
calculated with Blast2GO (Gotz et al., 2008) and the p value for the enrichment
of Notch pathway components (Table S1C) was determined assuming a hyper-
geometric distribution as the null hypothesis.
Crosses between UAS hairpin RNAi males and en-GAL4 UAS-myrRFP
NRE:EGFP or C96-GAL4 females with or without UAS-Dicer2 were raised at
the temperatures indicated in Tables S2A and S4B. TheNRE:EGFP transgenic
flies can be obtained from the BloomingtonDrosophila Stock Center at Indiana
University. The in vivo RNAi screens were performed as double-blind studies:
Secondary numbers were attributed to each line, neither indicating the identity
of the targeted gene nor the effect observed in S2 cells. The fly stocks were
obtained from the National Institute of Genetics Fly Stock Center (Japan),
Vienna Drosphila RNAi Center, and Bloomington Drosophila Stock Center.
Wing discs were dissected and, if not indicated otherwise, directly imaged
with a Leica DMI6000 microscope. The immunohistochemistry followed
standard procedures. Mutant clones were generated using the FLP/FRT
system and Pc3 and ph504 alleles. The network was built as described here
and in the Supplemental Experimental Procedures and visualized using
Cytoscape (Shannon et al., 2003). Furthermaterials andmethods can be found
in the Supplemental Experimental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, four tables, two Notch
networks, and Supplemental Experimental Procedures and can be found
with this article online at doi:10.1016/j.devcel.2010.03.013.DeveACKNOWLEDGMENTS
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